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Sunmnar-y. Changes in weight, water content, ntucleic acids, nucleotides, carbo-
hydrates, lipids, nitrogenous and phosphorus compounds in embryo anid gametophyte
of Douglas fir seeds (Pseudotsuga mtentziesii Franco) were studied at 6 stages of
germination. Lipids, proteins, arnd reserve phosphorus compounds in the gametophyte
were utilized for the synthesis of carbohydrates, structulral components, and soluble
compounds in the seedling.

The general quantitative metabolic changes that occtur during germination of
Douglas fir seeds are comparable to those known for angiosperm seeds.

Seeds of gymnosperm species incluide haploid
storage tissuie, the female gametophyte and diploid
embryo (1), whereas the seeds of angiosperms uts-
ually have diploid cotyledons or perisperm, or
triploid endosperm as storage sites. Compositional
changes associated with germination in aingiosperm
seeds are well documented (14, 18) btut oinly frag-
mentary studies have been conducted with gymno-
sperm seeds (3, 4,12). An investigation of im-
portant structutral components and intermediate
metabolites dturing germination of gymnosperm seeds
would provide valuable comparative biochemical in-
formation and a backgrotund for further celltular and
molectular biological sttudies of germination pro-
cesses.

Data presented in this paper indicates that the
metabolic events of germination in gymnosperms are
similar to those characteristic for angiosperm seeds.
Apparently the multiplication of chromosome num-
ber in storage organs has no specific effect on the
synthesis of enzymes reqtuired for degradation and
utilization of storage chemicals. Embryo growth
seems to follow a general metabolic pattern regard-
less of taxonomic position.

Materials and Methods

M1aiterials. Seeds of Doulglas fir (Pseudotsutga
menziesii Franco) were collected from a single
tree in Corvallis in 1964, processedI by screeniing
and air blowing to an average weight of 15 mg
and a water content of 5 %, then were stored at
30 in an airtight container. Seeds uwere stratified
for four weeks at 30 prior to germination. Thev

1 Technical paper No. 2151, Oregon Agricultural Ex-
periment Sta!tion. The work was supported in part bv
the National Science Foundation, Grant GB-3187.

were then germinated on Spongerok in a plastic
box at 300 dulring the 8-hour photoperiod and at
20° dturing the dark period. Six stages were ar-
bitrarily chosen for stuldy: A) air-dried; B) strat-
ified seed: C) radicle emerging; D) radicle elon-
gating; E) cotyledon emerging; and F) cotyledons
elongating and pltumtule emerged. The average
times of inctubation required for attainment of stages
C, D, E, and F were 5, 7, 10, and 14 days, respec-
tively.

W'eight, Water Content and Total N and P of
.Seed Parts. Four replications of 10 seeds from
each of the 6 growth stages were separated at 30
into seed coat, embryo or seedling, and gametophytic
tissue. Fresh weights were recorded, and their dry
weights and water content were determined by dry-
ing at 85° for 16 hours. Total nitrogen content
of the separated seed parts was estimated bv the
micro-Kjeldahl procedure. Total phosphorLis con-
tent was determined by the Fiske-Stibbarow method
(8) after wet washing with stulfuric acid and
H20O2.

Determi ination of Nuicleic Acids antd Nucleotides.
Fotur replications of 20 separated gametophytes and
embryos or seedlings were used for each stage.
The procedtures of Ingle et al. (10) for estimating
nucleic acids and soluible nucleotides were followed.
Highly purified yeast RNA, highly polymerized
calf thymuis DNA, and AMP (all from Sigma)
were carried throtugh the procedures, and were
used as standards for quantitative estimation.

Deteriiiminatio n of Other Chemiiical Constituents.
Seeds of the 6 stages were separated and directly
dropped into a known weight of ice-cold methanol.
Approximately 4 g of the first 2 stages, 15 g of
stages C and D, and 30 g of stages E and F were
separated and used for suibsequent analysis. The
weight of each separated part was obtained by
suibtracting the weight of metlhanol from the total
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weight of methanol and the material. The mate-
rial was grouind in methanol, in the ratio of 1: 10
(wt: vol) at high speed for 10 minutes in a \Waring
Blendor; then 2 volutmes of chloroform were added
to the homogeniate, the mixtture was kept at room
temperatLure for 2 hours to extract lipids. The
mixtture was filtered, and the extractioni repeated
twAice. The 3 extracts were combined anid w-ashed
with 2 volumes of water in a separatory ftunnel.
The white emuilsion at the interphase was centri-
ftuged at 5000 X g for 10 minutes at 200 and the
concentrated emulsion combined with the uipper
organic phase and dried first in a vaacLuutm evap-
orator, theni in a vacuum oven at 500 for 24 hours
to obtain the weight of total lipids (9). The
aqueotus washiings were combined with the alcohol
extract described below for the analysis of soluble
metabolites.

The chloroform-methanol extracte(d residuie was
dried at 60° in vacuto for 16 hoturs and then weighed.
One huindred mg of the residule was extracted with
10 ml 80 % (v-,/v) ethanol in an Omnimixer for
10 minuttes at 6500 rpm. The homogenate was fil-
tered aind the extraction repeated twice. The 3
extracts were combined with a proportional ali(quiot
of the lipid-washing obtained above and considered
as the total soluble fraction. Dry wreight in the
soluible fraction was determined in an aliquiot by
dryiing at 600 in vacuio. Soluble N aind P were
determined in additional aliquiots by the micro-
Kjeldahl, aind Fiske-Subba Row method, respec-
tively. The remaining soluble fraction was con-
centrate(l in a vacuutim evaporator, (lissolve(l in
water, filtered throuigh a mat of celite anid made
up to 100 ml. Sugars, amino acids and P wvere
estimated in the aquieouis soluible fractioni by the
anthrone method (19), ninhydrin method (5) and
Fiske-Suibbarow method, respectively.

The ethanol extracted residue was driedlin
vacuo at 600 for 16 hours and weighed as insolulble
residue. Fifty mg of the residue wAas hydrolyzed
in 1 N HCI for 1 hotur by refluxing. The mixture
was filtered and starch and other easily hydrolyz-
able carbohydrates were determined in the filtrate
by the anthroine method using glucose as standard
an(l applying a correction factor of 0.9.

All valtues reported are means based ou 4 repli-
cated determinations each.

Results
and Discussion

Germination is indeed a growth process of the
embryo as shown by the 35-fold increase of fresh
weight and 6-fold dry weight increase of the seed-
ling, whereas little change of fresh wveight and a
70 % reduction of dry weight were observed in
gametophytic tissue (fig 1, 2). Apparently the
embryo grew at the expense of the gametophyte
with a loss of 8 % of the total weight, probably for
energy suipply, (fig 2). The seed Coat seemed to

assist in water uptake during the earlv stages of
germination (fig 3). The differential degree of
hydration as seen from the water content in seed-
ling and gametophyte affected their metabolic ac-
tivity during germination. This phenomenom is
known in other seeds (10, 15).

Little change of DNA content was observed in
the gametophyte dturing early stages of germination
and a 60 % redtuction was found at the end of
germination (fig 4). The embryo showed a slight
increase of DNA during stratification, a doubling
of DNA content at the radicle emerging stage, and
a 4.5-fold increase toward the end of germination.
The D-NA content of the gametophyte was very
low and constituted only 0.013 % of its dry weight,
whereas that of the embryo was 0.25 % (fig 4
and 2). This difference could be attributed to:
(a) the haploid nature of the gametophyte; (bb)
the large quantity of reserve food in the gameto-
phyte; and (c) the doubled DNA content per cell
in embryonic tissue prior to germination (17).

In dry seed, 6 jug and- 19 ,ug of RNA were found
in the embryo and the gametophyte, respectively
(fig 5). These quantities constituted 0.50 and
0.21 % of their dry weight, respectively. A slight
increase in RNA in both embryo and gametophyte
was found in stratified seed. A rapid rate of RNA
synthesis was observed in seedlings and a moderate
increase followed by a rapid decrease were observed
in gametophyte. At about the time of plumule
emergence, seedlings showed a 12-fold increase in
RNA while the gametophyte containedI only two-
thirds of its original RNA content. The sigmoid
curve of RNA increase in seedlings interestingly
paralleled fresh and dry weight and DNA increases.
This perhaps indicates the accumulatioin mainly of
the structural RNA (ribosomal) and to a lesser
extent, the messenger RNA and soluble RNA (2).
In the gametophytic tissue, the moderate increase
of RNA coincided with the stages of rapid transfer
of dry matter from gametophyte to seedling. This
increase may reflect an active synthesis of enzymes
for rapid degradation of proteins and lipids, and
conversion of acetyl CoA to sugars. From ultra-
structural changes observed in this tisstle, the genesis
of plastids and increase of mitochondria also might
account for some of the increase (6). At the end
of germination, gametophyte apparentlv ceased its
ftunction of nourishing the seedling by hydrolyzing
RNA to nucleotides and presumably transferring
them to seedling. The hydrolysis of RNA and DNA
at this stage of development in gametophytic tissue
was further verified by the marked increase of
soluble P and Pi (fig 17, 18).

The change in soluble nucleotides was similar
to that of RNA except for a small reduiction shown
by the gametophyte after stratification (fig 6).
This reduction perhaps provides substrate for the
small increase in DNA in the embryo and in RNA
in both embryo and gametophyte during stratifica-
tion. A 24-fold increase of nucleotides in seedling at
the end of germination was observed, while only a 2-
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CHING-COMPOSITIONAL CHANGES OF DOUGLAS FIR SEEDS DURING GERAMINATION

fold increase in gametophyte at the cotyledon emerg-
ing stage was found. These chaniges in DNA, RNA
and soluble nucleotides indicated de novo synthesis
of nuicleic acids and are in general agreement withl
the findings on corn, peantuts, and castor bean (2,
11, 14).

Lipids were the major food reserve in both
gametophyte and embryo in dry seed (fig 7). They
composed 48 and 55 % of the dry weight of the
gametophyte and embryo, respectively. During strati-
fication, gametophytic lipids were reduiced by 0.3
mg but little change was shown in the embryo.
During germination, lipids in the gametophyte con-
tinued to decrease from 4.1 to 0.5 mg. After an
initial drop to 0.3 mg, the lipid content of the seed-
ling gradually increased to 0.9 mg. The analysis
of lipids isolated from these 2 tissues at various
stages of germination has been undertaken and will
be reported in a separate paper.

The change of metabolites soluble in aqueous
methanol and ethanol during germination is sum-
marized in figure 8. The embryo had as soluble
compounds 13 % of its dry weight, a slight increase
during stratification and a rapid increase to 45 %
of seedling dry weight, toward the end of germina-
tion. In the gametophyte soluible compounds con-
stituted 14, 12, 24 and 24 % of the dry weight at
each growth stage, respectively. The data for the
residue insoluble in chloroform-methanol, aqueous
methanol, and ethanol are plotted in figure 9. A
rapid accumulation of insoluble residue in the seed-
ling coincided with a marked reduction in the
gametophyte after radicle emergence.

Figures 7, 8, and 9 show that duiring germination
lipids and insoluble residues in gametophytic tissue
were utilized for the development of the embryo.
Further electron microscopic study of the ultra-
structuiral changes during germination, cytochemical
staining, separation of organelles with differential
centrifugation, and chemical separation and char-
acterization indicated that reserve lipids were stored
in fat bodies, and insoluble proteins conjugated with
lipids were located in protein bodies. These fat and
protein bodies occupied 85 % of the voluime of un-
germinated gametophytic tissue and constituted about
90 % of its weight (6). Detailed electron micro-
scopic and organellar studies will be reported in
subsequent papers. As germination proceeded, the
storage organelles decreased in number and weight,
undergoing structural as well as biochemical
changes. These changes resulted in an increase of
soluble intermediates. By trichloroacetic acid pre-
cipitation, ion exchange resin column chromato-

graphy and paper chromatography, suigars, sugar
nucleotides. other organic phosphates, Pz, amino
acids, amides, peptides, soluble proteins, organic
acids, etc. were detected in the soluble fraction. A
detailed qulalitative and quantitative examination of
these intermediates wouild be of interest bult was not
attempted.

Reserve fats in seeds usually are converted to
sugars via the glyoxylate cycle, then transported to
the growing seedling for fuirther uitilization (15,
16). Changes of carbohydrates were therefore,
followed in seed tissues dLuring germination. Figure
10 shows a slow accumulation of total carbohydrates
during stratification, a plateau prior to radical
emergence, then a rapid increase. At early stages
of germination, the increase was in both embryo and
gametophyte, and a rapid increase was observed in
seedling at the later stages (fig 10, 11, 12). These
sequential changes agree with the findings in angio-
sperm and verify the means of food transfer during
seed germination (15,18). A pronounced increase
of sugars in both embryo and gametophyte after
stratification was of interest and may be considered
a beneficial effect of stratification.

Utilization of nitrogenouis reserves is shown in
figures 13 to 15. A slight reduction (9 %) of total
N was observed, probably due from root diffusional
losses (12). A rapid quantitative transfer from
gametophyte to seedling is accomplished by soluble
compoutnds with little accumutlation in storage site.
Solvation of insoluble protein, activation of pre-
existing enzymes, degradation of storage protein,
active transport and synithesis to new protein, an(d
other nitrogenotus compounds are apparently a chain
of events occurring mainly in the gametophyte for
the first 3 phases and in the seedling for the last
one. It is also interesting to note that soluble
nitrogenouis compounds in the seedling comprised
about 50 % of the total nitrogenous compounds of
which only 10 to 15 % were free amino acids and
amides. These changes agree with those reported
for corn and beans and are apparently of the gen-
eral trend for seed germination (10, 12, 15, 16).

Phosphorus compounds are important in the
dynamic processes of synthesis and energy supply.
The changes dturing germination are stummarized in
figures 16 to 18. A redtuctioni of 29 % in total
phosphorus in seed at the end of germination is
puzzling, and perhaps it could be attributed to root
diffusion. Soluible phosphorus compounds in see(d
increased 40-fold and constituited 30 % of the total P
at the end of germination with a differential distri-
buition of 80 % in the seedling and 20 % in the

FIGS. 7-12. The cha-nges of lipids, total aqueous-alcohol soluble compounds, insoluble residues, total carbohydrates,
starch and sugars in embryo, female gametophyte, and seed without coat of Douglas fir during germination. D =
air dried seed, S = stratified seed.
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FIGS. 13-18. The changes of total nitrogenous compounds, soluble nitrogenous compounids and a-amino N-com-
pounds; total, soluble, and inorganic phosphorus conmpounds in embryo, female gametophyte and seed without coat of
Douglas fir during germination. D. = air dried seed, S = stratified seed.
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gametophyte. Inorganic phosphate increased simi-
larlv to the soluble phosphortus compotinds, and
constitutted about 30 to 50 % of the soluLble P com-
pounds. The reserve form of phosphorus compotund
probably is phytin since it is commonly fotund in
angiosperm seed (15). The change of phosphorus
compounds during germination is in general agree-
ment with cotton seed (15).

Generally, the metabolic changes dturing ger-
mination in Doulglas fir seeds are similar to angio-
sperm seeds. The chain of events involve degrada-
tion of reserve lipids, proteins, and phosphortus com-
pounds and the transport of these compounds to the
embryo for sYnthesis of cellular components. There
is a unique featture of physical separation and genetic
difference of gametophyte tissuie and embryo in this
material. This feature and the data presented in
this paper suggest that the gametophyte mav pro-
vide a system with less complication of the simul-
taneous catabolic and anabolic activities and thus
stuitable for studies involving A) lipolvsis, B) syn-
thesis of glyoxylate cycle enzymes, C) activation
of pre-existing enzymes and messenger RNA (6),
D) conformational changes in insoluible reserve
proteins to acti-ve forms or the mechanism of protein
synthesis (18), and E) isolation and degradative me-
tabolism of reserve phosphorus compounds.

Acknowledgment

Critical review of this paper by Drs. H. J. Evans
and T. C. Moore, Botany Department, Oregon State Uni-
versitv, and the technical assistance of Mrs. Isabelle
Scloolcraft are deeply appreciated.

Literature Cited

1. BRINK, R. A. AND D. C. COOPER. 1947. The endo-
sperml in seed development. Botan. Rev. 13: 423-
541.

2. CHERRY, J. H., H. CHROBOCZEK, W. J. G. CARPEN-
TER, AND A. RICH-MOND. 1965. Nucleic acid me-
tabolismii in peanut cotyledons. Plant Physiol. 40:
582-87.

3. CHING, T. MI. 1963. Change of chemical reserves
in germinating Douglas fir seed. Forest Sci. 9:
226-31.

4. CHING, T. M. 1963. Fat utilization in germinating
Douglas fir seed. Plant Physiol. 38: 722-28.

D. CHING, T. M. AND K. K. CHING. 1964. Freeze-
drying pine pollen. Plant Physiol. 39: 705-09.

6. CHING, T. M. 1965. Metabolic and ultrastructural
changes in germinating Douglas fir seeds. Plant
Phvsiol. 40: viii.

7. DURE, L. AND L. WATERS. 1965. Long-lived mes-
senger RNA: evidence from cotton seed germina-
tion. Science 147: 410-12.

8. FISKE, C. H. AND Y. SUBBAROWN'. 1925. The calori-
metric determination of phosphorus. J. Biol. Chem.
66: 375-400.

9. HANAHAN, D. J. 1960. Lipid chemistry. Jolhn
Wiley. p 1-18.

10. INGLE, J., L. BEEVERS, AND R. H. HAGEAIAN. 1964.
Metabolic changes associated with the germination
of corn. I. Changes in weight and metabolites
and their redistribution in the embryo axis, scutel-
lum, and endosperm. Plant Physiol. 39: 735-40.

11. INGLE, J. AND R. H. HAGE-MAN. 1965. Metabolic
changes associated w-ith the germination of corn,
II. Nucleic acid metabolism. Plant Phv%siol. 40:
48-53.

12. KATSUTA, M. 1961. The break-doNwn of reserve
protein of pine seeds during germination. J. Japan.
Forestry Soc. 43: 241-44.

13. LARSON, L. A. AND H. BEEVERS. 1963. Amino acid
metabolism in younig pea seedlings. Plant Physiol.
40: 424-32.

14. MARRE, E., S. COCUCCI, AND E. STURANI. 1965.
On the development of ribosomal system in the
endosperm of germinating castor bean seeds. Plant
Physiol. 40: 1169-70.

15. MAYER, A. M. AND A. POLJAKOFF-MAYBER. 1963.
The Germination of Seeds. MacMillan Company,
New York.

16. OAKS, AND H. BEEVERS. 1964. The requirement
for organic nitrogen in Zea mays embryos. Plant
Physiol. 39: 37-43.

17. STEIN, 0. L. AND H. QUASTLER. 1963. The use
of tritiated thymidine in the study of tissue activa-
tion during germination in Zea nmays. Am. J.
Botany 50: 1006-11.

18. N\ARNER, J. E. 1965. Seed development and ger-
mination. In: Plant Biochemistry. J. Bonner and
J. E. Varner, eds. Academic Press, New York.
p 763-92.

19. YEMNE, E. W. AND A. J. WILLIS. 1954. The esti-
mation of carbohydrates in plant extracts by an-
throne. Biochem. J. 57: 508-14.

1319


